Light induced effective magnetic fields for ultra-cold atoms in planar geometries 
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We propose a scheme to create an effective magnetic fieid for uitra-coid atoms in a planar geometry. 
The set-up allows the experimental study of classical and quantum Hall effects in close analogy to 
solid-state systems including the possibility of finite currents. The present scheme is an extention of 
the proposal in Phys. Rev. Lett. 93, 033602 (2004) where the effective magnetic field is now induced 
for three-level A-type atoms by two counterpropagating laser beams with shifted spatial profiles. 
Under conditions of electromagentically induced transparency the atom-light interaction has a space 
dependent dark state, and the adiabatic center of mass motion of atoms in this state experiences 
effective vector and scalar potentials. The associated magnetic field is oriented perpendicular to the 
propagation direction of the laser beams. The field strength achievable is one flux quantum over an 
area given by the transverse beam separation and the laser wavelength. For a sufficiently dilute gas 
the field is strong enough to reach the lowest Landau level regime. 

PACS numbers: 42.50.Gy, 03.75.Ss, 42.50.Fx 
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One of the most fascinating subjects at the inter- 
face between ultra-cold atoms and solid-state systems is 
the possibility to experimentally study strong-correlation 
phenomena with the precision and the large degree of 
variability provided by atomic physics. For example in- 
teracting Bose-Einstein condensates (BEC) or degenerate 
Fermi gases in rotating two-dimensional traps are studied 
in several laboratories with the goal to observe quantum- 
Hall like effects Q, The trap rotation provides an 
effective magnetic field for the electrically neutral atoms. 
However in order to reach the fractional quantum Hall 
regime it is necessary to rotate the trap close to the crit- 
ical frequency. Furthermore the atom density needs to 
be low enough such that the number of magnetic flux 
quanta approaches the number of atoms, which is an ex- 
perimental challenge. Besides experimental difficulties 
this approach has some conceptual drawbacks: It is lim- 
ited to rotational symmetric set-ups and does not allow 
to study transport phenomena, i.e. the effect of magnetic 
fields to a finite particle current. 

In Hi we have suggested an alternative method based 
on light-induced gauge potentials for atoms with a space- 
depended dark state. A dark state is created if three-level 
A-type atoms interact with two laser fields under condi- 
tions of electromagnetically induced transparency (EIT) 
IE IE EH- If the dark state is space dependent, a 
vector gauge potential arises for the adiabatic center-of- 
mass motion [l it . As shown in 0, 0] the vector potential 
is associated with a nonvanishing magnetic field, if at 
least one of the two light beams has a vortex i.e. an or- 
bital angular momentum (OAM). Yet the use of vortex 
light beams has similar drawbacks as the trap rotation 
regarding the spatial symmetry and transport phenom- 
ena. 



We here propose a variation of this scheme which is free 
of the above mentioned limitations. The scheme, shown 
in Fig. n once again involves two laser beams interact- 
ing with three-level atoms in the EIT configuration. Yet 
we are no longer dealing with light beams posessing an 
OAM with respect to their propagation axis. As we will 
show lateron a nonvanishing magnetic field requires only 
a relative OAM between the two light beams. This can 
be achieved by two counterpropagating and overlapping 
laser beams with shifted spatial profiles. In this case 
an effective magnetic field appears perpendicular to the 
propagation direction and to the gradient of the relative 
intensity of the light beams. This configuration allows a 
planar geometry and a nonvanishing flow of atoms, e.g . 
an atomic BEC moving along an atomic waveguide |12| . 

Let us consider an ensemble of cold three-level atoms 
with lower levels |1) and |2) and electronically excited 
state 1 3). The atoms interact with two resonant laser 
beams in the EIT configuration, see Fig. ^ The first 
beam (to be referred to as the control beam) has a fre- 
quency uj c , a wave- vector k c , and induces the atomic 
transitions |2) — > |3) with Rabi frequency f2 c = /Z32-E c /2, 
where E c is the electric field strength and /i32 is the tran- 
sition dipole moment. The second (probe) beam with fre- 
quency ujp, wave- vector k p causes the transition |1) — > |3) 
with a Rabi frequency fl p = ^ 3 iE p /2. The two laser 
beams keep the atoms in their dark state 0, 0, E| : 



\D) = |l)cos0- |2)sin(2exp(iS) - |1) — C|2>, (1) 

where £ = fl p /il c = \C\e tS = tan#e lS is the ratio be- 
tween the Rabi frequencies of the probe and control fields, 
S is their relative phase, and 9 is the mixing angle be- 
tween the states |1) and |2) in the atomic dark state \D). 
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FIG. 1: (Color online) (top) Schematic representation of set- 
up for light-induced effective magnetic field: Two counter- 
propagating and overlapping laser beams interact with a cloud 
of cold atoms, (bottom) The level scheme for the A-type 
atoms interacting with the resonant probe and control beams 
characterized by Rabi frequencies fi p and Q, c . 



The dark state depends on the atomic position through 
the r-dependence of the Rabi frequencies Q p (r) and 
f2 c (r), so an effective vector potential (generally known 
as the Berry connection 0, appears in the adia- 
batic equation of motion for the atomic center of mass. 
The effective vector and trapping potentials governing 
the translational motion of the dark-state atoms read @ : 
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V eS (r) = Vext(r) + 
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where 



V 1 (r) + \(\ 2 (V 2 (r) + hu; 2 
1 + ICI 2 



(2) 



(3) 



(4) 



is the external potential for the dark-state atoms, Vj(r) 
is the trapping potential for an atom in the internal state 
j, and UJ21 = L02 — lo\ + uj c — uj p is the frequency of the 
two photon detuning. 

One easily recognizes that the vector gauge potential 
A c ff yields a non- vanishing magnetic field only if the gra- 
dients of the relative intensity and the relative phase are 
both non-zero and not parallel to each other: 



B off = V x A off = -ftV(sin 2 9) x VS. 



(5) 



This equation has a very intuitive interpretation: 
V(sin 2 9) is a vector that connects the "center of mass" 
of the two light beams, VS is proportional to the vector 
of the relative momentum of the two light beams. Thus a 
nonvanishing B ff requires a relative orbital angular mo- 
mentum of the two light beams. As discussed in 0, Q 
this is the case e.g. for light beams with a vortex. 



Here we consider however a different scenario. We 
suggest to use two counterpropagating light beams of fi- 
nite diameter with an axis offset: Q p = n^V*** and 

fl c = fii°' ) e~ ikcV , where Qp ^ and fi£ ^ are real amplitudes 
with shifted transverse profiles. The beams possess a rel- 
ative orbital angular momentum similarly to two point 
particles with constant momenta passing each other at 
some finite distance. In such a situation the phase of the 
ratio C = Slp/Sl c is given by: 



S — ky ^ k — kp ~\~ k^-j 



(6) 



so that ViS = ke y where e y is a unit Cartesian vector. 

The spatial dependence of the intensity ratio \(\ 2 = 
|f2 p /f2 c | is determined by the spatial profiles of both 
ilj,| 2 and |^ P | 2 . Since the control and probe beams 
counterpropagate along the the y-axis, their intensities 
depends weakly on y. Furthermore we shall disregard 
the z-dcpcndcncc of the intensity ratio |£| 2 . This is le- 
gitimate, for instance, if the atomic motion is confined 
to the xy plane due to a steep trapping potential in the 
z-direction. Hence one finds 



n „ d . o 
B c ff = e z nk — sin i 

ox 



(7) 



The field strength B c g depends generally on the x coordi- 
nate and has a weak y-dependence as long as the paraxial 
approximation holds. 

If we are interested in fractional quantum Hall physics 
and thus in the possibility to enter the lowest Landau 
level (LLL) regime we have to estimate the maximum 
strength of the magnetic field. For this we determine the 
minimum area needed for a magnetic flux corresponding 
to a single flux quantum 2nh. From Eq. Q we recognize 
that this area is given by the product Xx e s, where x c s 
is the effective separation between the two beam center. 
To reach the LLL in a two-dimensional gas the atomic 
density has thus to be smaller than one atom per Xx e g. 

The above analysis holds as long as the atoms move 
sufficiently slow to remain in their dark states. This is 
the case if the adiabatic condition |f| holds: ft ^> F, 
where F — |V£ - v|/(l + |£| 2 ) reflects the two-photon 
Doppler detuning. In the present situation we have 



F 2 = cos 2 9 



<f> 2 



(8) 



The adiabatic condition implies that the rms Rabi fre- 
quency ft — (|^ c | 2 + l^pl 2 ) 1 ^ 2 should be much larger 
than the time an atom travels a characteristic length over 
which the amplitude or the phase of the ratio C = Q P /Q C 
changes considerably. For atoms moving along the y axis, 
such a length is 1/fc w l/2k p ~ 10~ 7 m. On the other 
hand, the Rabi frequency can be of the order of 10 7 to 
10 8 s~ 1 Therefore, the adiabatic condition should 

hold for atomic velocities up to meters per second. 

The above estimation does not take into account a fi- 
nite lifetime of the excited atoms, typically T3 ~ 10~ 7 s. 
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If this is included, the atomic dark state acquires a finite 
lifetime t d ~ t 3 Q 2 /F 2 due to nonadiabatic coupling [j|: 
For instance, if the atomic velocities are of the order of a 
centimeter per second, the atoms should survive in their 
dark states up to a second. 

Much larger atomic velocities are possible however as 
long as the velocity spread Av is much smaller than the 
central velocity vo- For atoms moving along the y axis, 
one can set a two-photon detuning W21 = — (k p + k c )vo to 
compensate the Doppler shift associated with Vq. In that 
case it is the velocity spread Av rather than the whole 
atomic velocity v that determines the non-adiabatic term 
F. For instance, in a recent experiment |l6| on propaga- 
tion of a BEC in a waveguide, the central atomic velocity 
is 5cm/s, whereas the velocity spread is only 1.4mm/s. 
Note that the two-photon detuning will also lead to a 
transversal slope in the trapping potential represented 
by the term with LO21 in Eq. Q. 

Let us assume that both the control and probe beams 
are characterized by Gaussian profiles with the same am- 
plitude f2o and width a: 



= SIq exp — 



J = P, c 



(9) 



In the paraxial approximation, the Gaussian beams have 
the width a = a(y) = (Tq[1 + (Xy/ira 2 )] 1 / 2 , where a = 
<t(0) is the beam waist and A is the wavelength. Since 
k p ~ k c w fc/2, we have A « in/k both for the control 
and probe beams. We are interested mostly in distances 
\y\ much less than the confocal parameter of the beams 
b = 2-ko 2 /\ « ka 2 /2. For such distances, \y\ <C b, the 
width cr(y) is close to the beam waist: a(y) w do- 
Suppose the beams are centered at x p = xq + Ax/2 and 
x c = xo — Ax/2, The intensity ratio reads then: |£| 2 = 
|S1 P /S1 C | 2 = exp[(x — x )/a], where a = a(y) = a 2 /AAx is 
the relative width of the two beams. Thus we have 



B c ff 



= -hk 



1 



Kxt(r) + 



4acosh 2 {{x — Xo)/2a) 

h 2 k 2 (1 + l/4a 2 £; 2 



2m 4 cosh 2 {{x - x )/2a) 



(10) 
(11) 



It is evident that both B c ff and V e e(r) are maximum 
at the central point x — xq and decrease quadratically 
for \x — xq\ -C a. Similar to Ref. Q, the term quadratic in 
the displacement x — xq can be cancelled in the effective 
trapping potential (|llf> by taking an external potential 
V cx t with the appropriate quadratic term. The frequency 
of the external potential fulfilling such a condition is 



<^cxt 



hk 

Aam 



y/1 + l/4a 2 k 2 



(12) 



With this the overall effective trapping potential becomes 
constant up to terms of the fourth order in x — xq. In 
the vicinity of the central point (|a; — Xq\ -C a) the 
magnetic field strength is: -B e ff ~ hk/Aa. The corre- 
sponding magnetic length and cyclotron frequency are: 




-1 -0.5 0.5 

(x-x )/2a 



FIG. 2: (Color online) Effective trapping potential V e ff and 
effective magnetic field B c s produced by counter-propagating 
Gaussian beams. The external harmonic potential T4 xt can- 
cels the quadratic term in the overall potential V^f . The effec- 
tive magnetic field is plotted in the units of _B c fi(0) = hk/Aa, 
whereas the effective trapping potential is plotted in the units 
of hu) Tec (l + l/4a 2 fc 2 ), with uj rcc = hk 2 /2m. 



£g w \J h/ B c s = 2^J a/k and uj c = B/m « hk/Aam. 
The magnetic length £b is much smaller than the rela- 
tive width of the two beams £b <C a provided the latter 
is much larger than the optical wave length: ak 3> 1. 
In that case many magnetic lengths fit within the in- 
terval \x — xq\ < a across the beams. Furthermore the 
cyclotron frequency equals then approximately to the fre- 
quency of the external trap: lu c ks w e xt, both of them 
being much less than the recoil frequency. 

Figure [21 shows the effective trapping potential and ef- 
fective magnetic field calculated using Eqs. (|10|) and i|ll[l . 
with the external harmonic potential V cyi t of frequency 
^oxt (Eq. tHjl) added to cancel the quadratic term in 
the overall potential V c s- The magnetic field is seen to 
be close to its maximum value in the area of constant 
potential where \x — xq\ <C a. For larger distances the 
effective trapping potential forms a barrier, so the atoms 
can be trapped in the region of large magnetic field. 

In summary, we have shown how to create an effective 
magnetic field in ultra-cold gases with a planar geome- 
try using two counter-propagating laser beams acting on 
three-level atoms in the EIT configuration. If the ampli- 
tude ratio of the two beams changes substantially in the 
transverse direction, an effective magnetic field appears 
in the plane perpendicular to the propagation direction 
of the beams. This can be achieved if the the beams are 
shifted relative to each other (see Fig. ^ , such that they 
have a relative OAM. 

The suggested method provides a possibility to create 
an effective magnetic field over an extended area along 
the propagation direction. This allows for a geometrical 
setup similar to that used in solid-state systems for classi- 
cal and quantum Hall measurements. In particular, finite 
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currents perpendicular to the magnetic field are possible 
and Hall "voltages" can be detected by observing changes 
in the chemical potential perpendicular to both the cur- 
rent and magnetic field. Finally the suggested method is 
much more robust than that of Refs. |J, |5j , as it does not 
require vortex light beams. 
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